Abstract: Many individuals with severe and multiple disabilities do not have an access pathway that enables them to interface with their environment because they are not afforded a binary switch that they can reliably control. While recent research has focused on the self-regulation of central signals of the autonomic nervous system (ANS) to create braincomputer interfaces (BCIs) for these individuals, there has been less focus on the peripheral signals of the ANS as an access pathway. An appraisal of the literature in the areas of biofeedback, polygraphy and mental exercises uncovered considerable evidence that peripheral ANS signals can be voluntarily controlled and thus have the potential to be used as an access pathway by the target population. However, the issues of speed, metabolic noise and pathological change must be addressed before peripheral ANS signals can be used as either a complementary or alternative access pathway to existing brain-computer interfaces.
INTRODUCTION

Current Access Pathways to Assistive Technologies
Able-bodied individuals who wish to express a functional intent conventionally use the modalities of speech or gestures as their preferred access pathway to interact with their environment. However, for individuals with severe motor impairments due for example to cerebral palsy, amyotrophic lateral sclerosis (ALS), brainstem stroke or spinal cord injury (herein referred to as the target population), these conventional access pathways are often not under voluntary control [1] . These conditions affect over half a million people worldwide, and have pathologies that cause deterioration of the mechanisms enabling somatic muscle control [2] . In these situations, assistive technologies such as augmentative and alternative communication (AAC), or environmental control system (ECS) technologies are often used to facilitate the individual's communication and interaction with his or her environment [3] [4] [5] .
Both AAC and ECS assistive technologies can be operated, provided that the user has reliable control of a binary switch. As illustrated by the top arrow in Fig. (1) , this binary switch is traditionally controlled via the muscles of the somatic nervous system. A wide variety of mechanical switches have been developed to exploit various types of controlled motor activities, including for example, head movement [6] , eye blinks [7] , eyelid movements [8] , chin movements [9] , muscle contractions via electromyographic (EMG) switches [10] and changes in gaze direction as determined by videooculography *Address correspondence to this author at the Bloorview Research Institute, Bloorview Kids Rehab, Toronto, M4G IR8 Canada; E-mail: tom.chau@utoronto.ca (VOG) or electrooculography (EOG) [11] . These aforementioned access pathways, or methods of interfacing with the target assistive technology, are compromised in individuals with severe motor disabilities, either because the pathology of their conditions cause the loss of all voluntary control of their somatic muscles, or because their reliable motor movements are confounded by factors such as involuntary movements and fatigue. In these situations, conventional and commercially available access pathways are ineffective, rendering the individual unable to express functional intent or to interact with his or her environment [12] . That these individual are not afforded a consistent, reliable means of expressing functional intent results in a significant decrease in their independence, dignity and overall quality of life [13] .
When research in the fields such as seizure control and behaviour and cognition demonstrated that individuals could be trained to voluntarily regulate their brain activity [14] [15] [16] , the central autonomic pathway (Fig. 1 , middle arrow) was pursued as an alternative to somatic control. To date, a number of brain signal components have demonstrated the ability to be self regulated, including electroencephalographic (EEG) components such as visual alpha rhythms, slow cortical potentials (SCP) [17] and sensorimotor rhythms (SMRs) [18, 19] , neuronal firing as recorded by invasively implanted electrode arrays [20] [21] [22] , and signals measured via magnetoencephlography (MEG), positron emission tomography (PET), functional magnetic resonance imaging (fMRI) [23, 24] and near-infrared spectroscopy (NIRS) [25, 26] . Many of these signals have been harnessed to create a brain-controlled access pathway for the individuals of the target population, often referred to as brain-computer interfaces (BCIs) or brainmachine interfaces (BMIs). While central ANS BCI research has progressed to the point where clinical trials are viable [27] [28] [29] , it remains yet to be established whether or not the peripheral signals of the ANS have the potential to be a practical access pathway for individuals in the target population (bottom arrow of Fig. 1) . In particular, the operant conditioning and thus, voluntary control of peripheral ANS signals is still debated [30] [31] [32] . In addition to this uncertainty, utilizing peripheral ANS signals as an access pathway present several unique challenges, including a very slow rate of response (e.g. heart rate, 30 s per trial [33] ), high metabolic noise and high incidence of pathological change in the target population [34] . While some peripheral autonomic signals have been investigated as access pathways [35] [36] [37] [38] , the question of learned control of these signals has yet to be answered and these aforementioned challenges remain unaddressed. This paper surveys the relevant literature on operant control of selected peripheral autonomic signals as laid out in Fig. (2) . We first present an overview of four autonomic signals of interest: electrodermal activity, heart rate, respiration rate and skin temperature. Subsequently, we appraise the evidence relating to voluntary control of these autonomic signals from three bodies of literature, namely, biofeedback, polygraphy and mental exercises. In light of the additional challenges of forging an access pathway from these signals, we conclude with a discussion of the issues of lengthy response time, metabolic noise and pathological signal change, and how these challengsses may be addressed in the context of a peripheral ANS access pathway.
OVERVIEW OF AUTONOMIC SIGNALS
Electrodermal Activity
Electrodermal activity (EDA), also commonly known as galvanic skin resistance (GSR), reflects sympathetic cholinergic function that induces changes in the skin's resistance to electrical conduction. It can be spontaneously or Pathological Change reflexively evoked by a variety of internal or externally applied arousal stimuli [39] , and has been established over decades of research to be one of the most popular and convenient measures of ANS arousal [40] . In a crosssection of the human skin, each of the components of the 3-layered organ has constant resistive and capacitive properties, with the exception of the sweat glands. Innervated by the sympathetic branch of the autonomic nervous system, the sweat glands fill with an electrolytic fluid upon cholinergic stimulation, thereby changing the skin's overall electrical conductance. As such, measuring changes in the skin's resistive properties yields a sensitive measure of the level and extent of an individual's sympathetic activity [41] . Various arousal stimuli induce responses that initiate changes in EDA, including activation of the amygdala as a thermoregulatory response to startling and threatening stimuli [42] or in response to emotional or affective processes [40] ; activation of the hippocampus in response to memory recall [43] ; activation of the reticular formation and limbic structures as an orienting response to novel stimulus [44] ; and activation from the basal ganglia due to an attention orienting reflex [40] . These stimuli result in an increase in electrodermal activity of more than 0.05 μS within a 10 second intervala characteristic change known as an electrodermal reaction (EDR) [40] . These EDRs are superimposed on a slowlyevolving baseline EDA level, whose changes are a result of homeostatic and thermoregulatory processes, and not indicative of ANS activation [45] .
EDA measurement is based on the principle of Ohm's law, V = IR, where V, I and R represent voltage, current and resistance of the system, respectively. To measure R, the resistance of the skin, changes in current and/or voltage are recorded and related to changes in skin resistance via Ohm's law. Resistance is recorded via two electrodes affixed to the surface of a region of skin containing a high density of sweat glands, such as the palms of the hand and the soles of the feet. Many variations of EDA recording techniques have been established, as summarized in Fig.  (3) . The most well-established method of EDA recordingdirect current measurement with a constant voltage source, is highlighted.
Heart Rate
Both sympathetic and parasympathetic branches of the autonomic nervous system project to nearly every region of the heart; their antagonistic effects enable the heart to respond to the rapidly changing metabolic requirements of the body. The dual innervation of the sinoatrial node enables heart rate to respond to arousal stimuli, yet makes it difficult to determine the precise patterns of heart rate change to stimuli of a specific valence, as these changes are highly stimulus dependent. Antagonistic effects are often observed between pairs of opposing stimuli, for example, heart rate undergoes deceleration when an individual's attention is focused on gathering sensory information from the environment, and accelerates during introspection and other incidences of dampened sensory input [46] . Heart rate has also been strongly correlated with emotional state, decelerating in response to disgust, increasing to a greater degree in negative than in positive emotions, and within negative emotions, increasing to a greater degree in response to sadness in comparison to anger [42] .
Heart rate is commonly measured by logging the time interval between corresponding points of two successive cardiac cycles, as recorded by techniques such as the traditional electrocardiogram (ECG), a blood pressure cuff inflated to a pressure between 40 -50 mmHg [47] , and photoplethysmography [48] .
Respiration Rate and Amplitude
The body's control of respiratory musculature is unique, as it is regulated by both autonomic and somatic mechanisms. Somatic control dominates during periods of voluntary inspiration and expiration, such as speech and breath holding, and rhythmic autonomic signals control the diaphragm and intercostals muscles at all other times [49] . For some individuals with severe motor disabilities, voluntary control of respiration is not possible, and respiration rate is solely Fig. (3) . Respiration rate and amplitude information are commonly calculated from basic algorithms applied to the respiratory cycle signals, as recorded via techniques such as a piezoelectric belt positioned around the thoracic area, translating the expansion and contraction of the lung cavity into changes in voltage [51] , and low-inertia thermistors attached at the entrance of the nostril, using the detected warmer air exhaled during each respiratory cycle to reconstruct the pattern of respiration [52] .
Fingertip Temperature
Fingertip temperature is a combination of long-term baseline changes that are caused by homeostatic thermoregulartory vasodilation and vasocontriction of blood vessels in the fingers, and transient changes in cutaneous microcirculation. Among these cutaneous vascular structures are arteriovenous anastomoses (AVAs), which are densely innervated by sympathetic nerve fibers [53] . Their response to sympathetic stimulation is dependent on the overall body temperature; in subjects whose finger temperature is above 33 + 2 °C, sympathetic stimulation induces vasoconstriction, whereas below this temperature, the basic sympathetic vasoconstrictor tone is high and a vasoconstrictor response is not physiologically possible, consequently, the same stimulus will induce a vasodilator response [54] . Both vasoconstrictor and vasodilator responses occur after a latency period of approximately 15 seconds, and have durations of 20 to 40 seconds in length [55] . These microcirculatory responses have been recorded in response to arousal stimuli such as forced arithmetic, deep inspirations, sudden noises, and pain [56, 55] , and are an established indicator of the state of an individual's ANS [54] .
The minute changes in fingertip temperature are measured by attaching a thermistor to the finger to directly measure temperature change [55] , or indirectly through infrared thermography [57] , which detects the changes in fingertip infrared emissions over time.
A summary of the physiological origins, stimulus mechanisms and measurement techniques for each autonomic signal discussed in this section is presented in Table 1 .
OPERANT CONTROL OF PERIPHERAL AUTO-NOMIC FUNCTIONS
Each of the four autonomic physiological signals discussed in Section 3 demonstrates a specific, reproducible response to sympathetic stimuli. We now proceed to appraise the literature wherein an individual intentionally and intrinsically generates these arousal stimuli, bringing these autonomic responses under conscious control. Preliminary reviews of the literature identified three areas wherein a number of techniques are used to regulate both individual and combinations of autonomic signals: biofeedback, polygraphy and mental exercises. A subsequent, extensive literature review was conducted in Ovid Medline, Scholars Portal and PubMed, combining the key word autonomic nervous system with the keywords biofeedback and polygraphy OR lie detection in separate searches. The literature review for mental exercises was subdivided into three searches: autonomic nervous system AND (1) mental arithmetic, (2) meditation, and (3) motor imagery. The search was limited to English communications dating onwards of 1960 and returned 416 references. Subsequently, articles were included if they examined the effect of biofeedback, polygraphy or mental exercise on the autonomic nervous system using either: a) a control group that did not undertake the activities used to generated ANS changes; or b) a pre-post study design, where the ANS signals of an individual were measured prior to and following the intervention. According to these criteria, 31 articles were retained and included in the appraisal. The evidence gathered from this body of literature pertaining to the conscious control of peripheral ANS signals is presented in the following sections.
Biofeedback
Early experiments conducted by Miller, Kimmel and Engel demonstrated operant conditioning of several autonomic signals, and gave rise to the field of biofeedback [32, 58, 59] . In biofeedback, physiological monitoring devices are used to provide individuals with information on the state of one or more of their physiological signals, and individuals are trained to use this feedback to learn to voluntarily regulate these signals. While many instances involving biofeedback training did not withstand clinical trial and rigorous scientific testing, there nevertheless remains a relatively small, but scientifically rigorous body of work that clearly demonstrates that control over an autonomic signal can be attained if an individual receives feedback about the state of a signal as it changes over time [60] . The physiological signals that are predominantly used as feedback can be classified into three general groups: (1) electromyography (EMG); (2) temperature; and (3) cardiovascular.
Electromyographic Biofeedback
Electromyographic signals are generated from the electric activity regulating muscle contractions. Studies have demonstrated that while individuals with late-stage amyotrophic lateral sclerosis and motor neurone disease are unable to generate overt physical movement, they remain able to generate sufficient myoelectric activity to be detected by commercial EMG sensors [10] . In EMG biofeedback, displaying the EMG signal enables an individual to learn to regulate this activity, and correspondingly, to regulate muscle tension. A number of pathological states result from either insufficient or excess tension in both somatically and autonomically innervated muscles; EMG biofeedback treatments have been successfully used to teach the individual to consciously regulate these pathological muscles. Its power as a technique to teach individuals to consciously regulate involuntary muscle activity has been illustrated through well-controlled studies. Flor and Birbaumer [61] randomly assigned 57 patients with chronic back pain and 21 patients with temporomandibular pain to EMG biofeedback, cognitive-behavioural therapy or conservative medicine treatment groups. The biofeedback group received EMG biofeedback from the site of the pain in the form of an auditory tone that stopped when they had succeeding in relaxing the site muscles to a pre-defined threshold. While all three groups improved post-treatment, the biofeedback group demonstrated the most substantial reduction in pain severity. Other studies have also illustrated the ability for individuals to gain mental control over involuntary physiological functions by using EMG biofeedback to develop control over the muscles responsible for voiding disorders. Engel's treatment of incontinence fed back information on rectal distension to patients, training them to learn external sphincter control within four treatment sessions [62] . Khen-Dunlop et al. used similar EMG biofeedback techniques to treat bladder over-activity. In a prepost study design, 60 children with voiding disorders received visual biofeedback of their perineal muscles, training over 10 weekly sessions to learn to voluntarily control the tension of the muscle. Six months after the last session, 96% of the children with diurnal incontinence and 83% of the children with nocturnal incontinence were cured or experienced a reduction to at least half of their previous number of wet episodes per week [63] .
Temperature Biofeedback
Temperature biofeedback has most often been investigated as a treatment for Raynaud's phenomena, a painful manifestation of digital artery vasospasm that is typically provoked by cold exposure [64] . These biofeedback studies can be categorized into those conducted with able-bodied individuals, and those conducted with individuals with Raynaud's phenomena. Able-bodied studies have rigorously demonstrated that providing feedback of fingertip temperature enables individuals to learn to voluntarily increase digital blood flow, which reliably increases their skin temperature. Furthermore, once this behaviour has been learned, the response can be reliably generated without feedback, and in different temperature environments [65] [66] [67] . Studies with individuals with Raynaud's phenomena also provide evidence that fingertip temperature can be statistically significantly changed at will after temperature biofeedback training, and that once learned, temperature control can be generated without feedback, generalized to locations outside the laboratory, and retained over time [64] . While the results of a recent large (n = 313) multi-center trial demonstrated that temperature biofeedback was inferior to sustained-release nifedipine for treating primary Raynaud's phenomena, these results simply call into question the clinical significance of biofeedback training as a treatment for this condition, and does not diminish the statistical significance of the results that demonstrate the ability for a physiological function to be voluntarily controlled [64] .
Cardiovascular Biofeedback
Within biofeedback research, cardiovascular biofeedback has generated substantial interest as a potential non-invasive treatment of serious cardiovascular diseases. Kristt and Engel [68] demonstrated that blood pressure could be brought under voluntary control in the laboratory and surrounding environments using operant conditioning techniques. Five patients with high blood pressure of unknown origin were trained to both raise and lower their blood pressure by monitoring a display of lights that corresponded to their current blood pressure level and the direction of the change that was required. Four of the five subjects were able to evoke statistically significant changes in their blood pressure in the required direction after approximately 50 sessions. Using identical training techniques, Bleecker and Engel [58] were also able to demonstrate that able-bodied men and subjects with atrial fibrillation were able to learn to slow, speed, or cyclically slow and speed their heart rate.
In the three decades since Engel's initial studies, studies in the field of cardiovascular biofeedback have mainly focused on whether this technique is effective in the treatment of cardiovascular diseases such as hypertension. The current consensus of medical opinion does not favour the routine application of relaxation and biofeedback to treat hypertension [69] . Nevertheless, studies have demonstrated that consistent antihypertensive effects have been achieved by biofeedback, especially when the therapy includes a respiratory retraining and a slow breathing component. Aivazyan et al. demonstrated that subjects trained with a combination of relaxation strategies such as autogenic training, biofeedback, and breathing were able to significantly decrease both their systolic and diastolic blood pressure and vascular resistance in comparison to a control group that was simply instructed to relax [70] . Similarly, in a controlled trial, Patel and North compared a group of subjects who were taught structured relaxation involving yoga and biofeedback to a group that practiced uninstructed relaxation and found significantly greater decreases in blood pressure in the treatment group [71] . A recent meta-analytic review of all biofeedback methods of treating high blood pressure found an average decline of 6.7/4.8 mmHg for systolic and diastolic blood pressure respectively, a significantly greater reduction in comparison to inactive control treatments [72] . As in the situation of temperature biofeedback treatment of Raynaud's phenomena, there is ongoing debate on the clinical significance of the results achieved by cardiovascular biofeedback [60, 69, 73, 74] .
All three of the aforementioned types of biofeedback have been effective in treating migraine. In a recent metaanalysis by Nestoriuc and Martin [75] , a review of 55 randomized controlled trials and pre-post trials demonstrated a medium effect size for all three modes of biofeedback intervention for treating migraine. This effect size represents a consistent reduction in symptoms by more than half a standard deviation, which is remarkably high in the area of chronic pain. On average, these effects remained stable for over a year post-treatment, and reduced the frequency and duration of the migrane attacks more than the medication-intake.
Polygraphy
In the field of polygraphy, an individual's peripheral autonomic signals are monitored as he or she answers a series of questions with the objective of distinguishing truthful from deceptive responses. The Guilty Knowledge Test (GKT) is one such psychophysiological method for the detection of deception and has been extensively studied. In this test, individuals are instructed to respond 'no' to a series of multiple-choice questions, each with one option containing details that would be known to the perpetrator of a crime, but not to innocent suspects, and several control alternatives [76] . It is assumed that as the guilty individual deceptively responds 'no' to the relevant alternative, his or her autonomic signals will exhibit systematic differences in comparison to those generated as the individual truthfully responds to the control alterative. In a review of 10 GKT laboratory experiments, BenShakhar and Furedy [77] showed that across the studies, 83.9% of 248 guilty suspects and 94.2% of 208 innocent suspects were correctly identified, although the validity of the GKT in real life polygraph records is lower [78] . One potential explanation for this discrepancy may be that in the real life situations, guilty suspects practiced countermeasures to avoid detection. These countermeasures are of interest, as they illustrate that subtle physical and mental techniques can invoke deliberate changes in the patterns of an individual's peripheral ANS response patterns. Physical countermeasures involve practices such as the self-inflection of pain or heavy breathing after a control question to stimulate an ANS response. Mental countermeasures involve practices such as mental relaxation after the presentation of a relevant question to suppress an ANS response, and mental stimulation after the presentation of a control question to deliberately generate an ANS response; the effect of these mental techniques will be the focus of this section.
Electrodermal Activity in Polygraph Research
Electrodermal activity is the most popular discriminatory signal for the GKT. Electrodermal reactions (EDRs) are generated in response to recognition events, even when subjects report not consciously attending to the stimulus [40, 79] , and as such, would be generated when a guilty subject is presented the details of his or her crime, but would be absent when an innocent subject is presented identical details. Most polygraph studies before 1990 used EDA as the sole dependent variable and were nonetheless able to obtain high accuracy estimates of deception [80, 81] . The generation of EDRs in response to recognition has been replicated over a variety of conditions, including motivation to deceive, perceived accuracy of polygraphy, free or forced choice of deceptive items, mode of response (e.g., verbal or pressing keys) and degree of emotional involvement [82] . Mental countermeasures against this response involve either the suppression of an EDR after a recognition event, or the voluntary generation of an EDR after a control question. In addition, this voluntary control must be exerted within less than ten seconds in order to successfully suppress or realistically generate an EDR. To determine the effectiveness of these countermeasures, Elaad and Ben-Shakhar [47] investigated the effect on EDA of invoking relaxing thoughts that dissociate the subject mentally both after the presentation of a relevant question, and continually throughout the GKT. Their results demonstrate that EDRs can be voluntarily repressed via mental relaxation techniques, as the detection of guilty subjects was significantly higher in the group that did not practice countermeasures. Ben-Shakhar and Dolev [51] investigated the opposite countermeasure strategy -generating an excitatory ANS response to a control question. In a randomized controlled trial (n = 129), innocent individuals and individuals who committed a mock crime underwent a GKT polygraph test. The individuals who committed the mock-crime were subdivided into 3 groups, each of which was tested under a different condition: group 1 received no countermeasure instruction, groups 2 and 3 were instructed to attempt to deceive the examiner by recalling an emotional situation to generate a response to irrelevant alternatives, and group 3 was given the opportunity to rehearse using this mental countermeasure on a polygraph machine prior to the test. Results confirmed that individuals equipped with the countermeasure strategy were indeed able to voluntarily generate EDRs, thereby significantly lowering detection rates. Furthermore, the amount of prior practice of this countermeasure was not a predictor of an individual's ability to voluntarily generate EDRs.
Respiration in Polygraph Research
The respiration length line (RLL), a combination of both respiration amplitude and respiration cycle time, provides a global score of respiration suppression and is a component of the orienting response [83] . Respiration suppression occurs during the act of deception, and consequently, RLL can be used to accurately differentiate between a guilty and innocent subject [84] and follows EDR amplitude as the second most informative measure in detecting deception [85] . In a mock-crime GKT experiment carried out on 270 guilty subjects, Timm [86] reported that RLL was more effective than EDRs in detecting guilty knowledge. In addition, using a combination of EDA measures and RLL provided higher detection accuracy than either measure did individually.
Intuitively, individuals are more likely to be able to voluntarily control their respiration suppression response in comparison to other physiological signals (e.g., EDA), as respiratory musculature is also innervated by somatic mechanisms. However, Ben-Shakhar and Dolev [51] demonstrated that while EDA is affected by mental countermeasures, there are no significant differences in RLL measures between guilty subjects who do and do not practice mental countermeasures. These results indicate that mental activities do not affect respiration patterns; other forms of control are required to generate voluntary changes in this physiological signal.
Mental Exercises
This section further explores other mental techniques used to both suppress and generate consistent changes in an individual's physiological responses by surveying the literature in the areas of meditation, mental arithmetic and mental imagery.
Mental Relaxation and Meditation
Meditation refers to a large variety of mental practices that result in voluntary changes in the state and contents of consciousness [87] . While it has been a constituent of major religions such as Hinduism and Buddhism for centuries, only recently have the physiological effects of this practice been investigated. During Transcendental Meditation (TM), the subject undergoes a state of transcending, an experience described as "taking the mind from the experience of a thought to finer states of the thought" [88] , and its practice has been linked in basic and clinical research to decreasing anxiety, hypertension, arthrosclerosis and substance abuse [89] . In an investigation of the changes in autonomic patterns during the state of transcending, autonomic signals were recorded from 30 participants who had been using the TM technique for an average of 5.4 years. Results demonstrated a statistically significant difference in EDA and respiratory patterns during periods of transcending compared to other states of consciousness. Similar results have been achieved in individuals without formal meditation training. Kaushik et al. studied the ANS patterns of 100 patients with essential hypertension during baseline states and states of mental relaxation. Subjects were asked to lie in a comfortable position and undergo complete mental relaxation by thinking of some pleasant thought for 10 minutes. By practicing these mental relaxation techniques, subjects experienced a significant drop in systolic blood pressure and respiration rate, and a significant increase in fingertip temperature. The investigators concluded that mental relaxation was an effective technique to reduce blood pressure in hypertensive patients, and could also induce significant changes in an individual's respiration patterns and peripheral skin temperature [90] .
Mental Stimulation
Tasks requiring mental arithmetic are used frequently in research to generate states of mental stress and stimulation [91] [92] [93] , and the effects of performing mental arithmetic on the components of the ANS are well studied. During silent arithmetic, individuals experience a significant increase in heart rate, electrodermal activity, the pre-ejection period of the cardiac cycle, cardiac output, and respiration rate, accompanied by a significant decrease in the stroke volume of the heart [55, 93] . These changes are observed in the recorded signals within 40 seconds of initiating the mental task. Forced arithmetic also causes statistically significant and reproducible vasodilatory responses in cold subjects [56] .
Another commonly used mental stimulation technique is motor imagery -a mental simulation of voluntary motor actions. During this mental exercise, the autonomic system responds in a similar manner to actual exercise, even though muscle movement does not actually occur [94] . When elite athletes perform motor imagery of their sport, significant increases are observed in skin conductance levels, heart rate and respiration rate, while skin blood flow, skin temperature and respiration amplitude undergo significant decreases [52, 95, 96] . The degree of these responses is proportional to the mental effort exerted by the subject. Through principle component analysis, Deschaumes-Molinaro et al. (1992) [96] determined that in the specific tasks of motor imagery of firearm and archery shooting, skin conductance, skin blood flow and skin temperature underwent the most significant changes in response to mental imagery. These studies demonstrate that both mental arithmetic and mental imagery are effective tasks that individuals can use to voluntarily generate changes in the patterns of their peripheral ANS signals.
DISCUSSION
The amassed literature suggests that peripheral autonomic signals have the ability to be voluntarily controlled through a variety of mental techniques, and thus, have the potential to become an access pathway for individuals with severe and multiple disabilities. However, the clinical viability of these pathways hinges upon the resolution of at least three significant challenges: 1) the speed of peripheral signals in comparison to central signals; 2) the metabolic noise in peripheral pathways; and 3) the incidence of pathological change in individuals of the target population. Each of these challenges is discussed below.
Challenge 1 -Slow Rate of Response
To date, the majority of access channels for those who lack the physical ability to interact with their environment have focused on the central autonomic signals from the brain, and the corresponding developments in the area of brain computer interfaces have been plentiful and impressive [19, 30, 34, 97] . The enormous advantage of these central signals lies in the fact that their maximum achievable speed is far greater than what can be achieved with the peripheral autonomic signals. While some EEG-based BCIs have achieved transfer rates of up to 27.15 bits/minute [98] , autonomic responses can be reliably detected perhaps once every 30 seconds. For individuals with terminal conditions such as amyotrophic lateral sclerosis (ALS), it is conceivable that the speed and accuracy of their access channel are of utmost importance, forgoing all other considerations. However, for individuals with more stable conditions, this is not necessarily the case. Testimonies from individuals who rely on access technologies indicate that the speed of access may not be the all-pervasive top priority, at the expense of all other consideration. In a survey of 17 ALS patients who were extensively informed of the advantages (e.g., greater speed) of a surgically implanted electrode-based BCI over a non-invasive BCI, 16 refused the procedure in favour of the slower and more error-prone non-invasive device, arguing that when one was completely paralyzed, time was not an issue [97] . The comments of a father of one of the participants in the Cyberlink research, a brain-body interface for individuals with severe TBI, further illustrates this de-emphasis of temporal urgency.
Even one definite yes or no response to a question from a head-injured son performed just once a week is a joyful event that no person who is not in this situation can appreciate or fully understand. For him, it fully justifies the trouble of setting up the hardware and software [99] .
It is conceivable that some individuals in the target population and their caregivers may place a greater priority on factors such as the convenience of instrumentation and aesthetics of their access pathway over its maximum achievable speed [100, 101] . While not suited to all individuals in the target population, a peripheral autonomic signal based access pathways may provide an alternative to the faster central autonomic signal based access pathways, enabling the user to choose the technology that best suits his or her personal needs and lifestyle [102] .
Challenge 2 -Metabolic Noise
The primary function of the autonomic system is to maintain homeostasis in the body. Consequently, voluntarily generated changes in the signals of this system will be confounded by a significant amount of metabolic noise, as the body responds involuntarily to environmental stimuli. However, this level of noise does not entirely eliminate the possibility of using peripheral autonomic signals as an access pathway -the pathway is still viable provided that an intelligent system can recognize and discriminate between volitional activity and variations due to instinctive reactions and the maintenance of homeostasis. Several methods can be employed for this purpose. One possibility is to extract information from the combination of various physiological signals. For example, deep inspirations function as sympathetic stimuli, and cause an electrodermal reaction [103] . If electrodermal activity is employed as an access pathway, knowledge of this respiratory-electrodermal interaction can be used to discriminate between voluntarily generated EDRs, and EDRs that are a result of metabolic processes such as deep breathing or coughing. This so called source-separation technique has been successfully employed to improve the classification accuracy of an EDA-based access pathway; filtering respiration patterns from the raw EDA signal improve one subject's classification accuracy of resting and excited mental states [35] . Further filtering of the electrodermal signal for metabolic noise can be accomplished by examining the cardiac patterns of an individual. Studies in fields such as emotion recognition illustrate that a startle stimulus elicits both an electrodermal reaction and cardiac acceleration [104] , while activities such as mental arithmetic elicit an electrodermal reaction and cardiac deceleration [94] . By tracking cardiac acceleration and deceleration patterns, an intelligent system could potentially discriminate between involuntary and voluntarily generated EDRs, eliminating activations that occur as an involuntary response to startling stimuli. Further work must be done to establish the efficacy of this source-separation approach, summarized in Fig. (4) , to isolate self-regulated change from metabolic noise in peripheral autonomic signals specifically for the purpose of access to the environment or communication.
Challenge 3-Pathological Change
Physiological signals vary significantly between individuals, and may undergo further changes in the presence of various pathologies. To create a meaningful access pathway, it is crucial to conduct individual baseline recordings to determine which physiological signals are labile, and therefore potentially usefully for decoding an individual's mental state. For example, individuals with late-stage ALS must be artificially ventilated to survive [105] ; clearly, Fig. (4) . A potential method of accounting for metabolic noise in peripheral autonomic signals. Large amplitude respirations and cardiac accelerations are indicative of electrodermal reactions (EDRs) generated from external stimuli -these can be used as part of a filter to discriminate voluntary from involuntary changes in an individual's ANS. [107] . In a study with 25 individuals with ALS, all exhibited the ability to produce electrodermal reactions in their hand, but the mean EDR latency was prolonged compared to that of the control group [108] . However, these pathological deviations from the typical response do not necessarily eliminate an access pathway from consideration. As long as the individual is able to produce a significant change away from his or her typical baseline pattern, the pathway may still be useful. For example, regardless of the baseline latency value of the EDR of an individual with ALS or MS, if the individual is able to voluntarily increase or decrease the latency, this information can be used to create an access pathway tailored to his or her unique physiological patterns. Blain et al. (2007) illustrated benefits of using individually-tailored access pathways in a study with six able-bodied individuals. Using algorithms suited to each individual's physiological patterns to classify EDA, a subject's mental state could be classified as either resting or active to an accuracy of over 80%, a higher accuracy than has been achieved in other studies with non-specific algorithms to classify electrodermal activity [35] .
EDR
CONCLUSION
The appraised literature in the fields of biofeedback, polygraphy and mental exercises support the notion of conscious regulation of peripheral autonomic signals using mental activities. If the issues of slow response, metabolic noise and pathological change can be addressed, a peripheral autonomic signal-based access pathway may serve as an alternative or complementary source of information to central autonomic signal-based braincomputer interfaces. Further research to explore the potential and limitations of peripheral autonomic access pathways is warranted.
